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time with telephony networks, they have been diversified and enhanced by the discovery of
Internet. Today, telecommunication technologies vary from satellite communication to








(backbone networks$WAN, metropolitan networks$MAN and access networks). The usage of
optic fibers and optic based switching techniques in WAN and MAN networks are of long

















PON consists of Optical Line Terminals$OLT at central office of service provider, Optical
NetworkUnit$ONUat user side, passive combiners/splitters andoptical fibersbetween them.
PONsarenamedas;TimeDivisionMultiplexingPON(TDM$PON)andWavelengthDivision
Multiplexing PON (WDM$PON) according to the used multiple access mechanism. Ethernet
PON (EPON) andGigabit$PON (GPON) are twomain standard branches over TDM$PON
structure.WDM$PONstructureisnotwidelyimplementedsinceitisnotstillbeacost$effective
solution.However,nextgenerationPON(NG$PON)structureisthoughttobaseonWDM$TDM





and classifications are investigated. After the general overview of PONs, a novel dynamic
bandwidthallocationalgorithmforEPONis introduced.Thisproposedalgorithm isnamedas









Energyconservation isoneof thehot topics in telecommunicationnetworks.Accessnetworks
constitutearemarkableportionofthetotalenergyconsumptionintelecommunicationnetworks.
ITU$T and IEEEorganizations published recommendation for energy conservation inPONs.
While,totalenergyconsumptionofONUsismorethanotherequipmentinfixaccessnetworkthe
standards andmost of the researches focused on saving energy atONU side. As a result of














Les technologies de l'information ont connu un essor important ces dernières années.
L'améliorationdessystèmesdetélécommunicationsest l'unedesétapes lesplus importantesde
l’évolutiondestechnologiesdel’information.Bienquel'infrastructuredetélécommunicationaété
adoptéed'abordpourlesréseauxdetéléphonie,celle$ciàbienévoluéedepuispourembrasserla





























Les réseaux d'accès optiques peuvent être classés en trois catégories en termes de topologie:




















mécanismes et classification PON existants. Après la présentation générale de PONs, nous
introduisonsnotrepremièrecontributionquiestunalgorithmed'allocationdynamiquedebande














recommandation pour la conversation de l'énergie pour les réseaux PONs. Bien que, la
consommationtotaled'énergiedesnœudsONUestplus importantesqued'autreséquipements
dans leréseaud'accèsfixe, lesnormeset laplupartdestravauxderecherchesontportésur les
économiesd'énergieducôtédeONU.AlasuitedestravauxderecherchesXG$PONcomprend
des améliorations dans l'efficacité énergétique par rapport à la norme GPON. En 2012






d'efficacité énergétique basée sur la conservation de l’énergie du côté de l’OLT. La méthode
proposée permet d’économiser de l'énergie en déplaçant dynamiquement des cartes d’OLT en
modedesommeilprofondenfonctiondeschargesdetraficentrantetsortant.
Mots clés: Allocation des ressources, évaluation de la performance, l'efficacité énergétique,
EthernetPassiveOpticalNetwork (EPON),ProtocoleMultipoint contrôle, optique d'accès au



























































































































































Figure 5.7: Energy$efficient optical access by WDM$TDMA PON and wavelength routing

















































































































































The advancements on information technology in recent 50 years have enormously increased.
Telecommunication area covers pretty much of advancements on information technologies.








such as even regime shifts. From a different point of view, internet has also caused revealing





Usingoptics indatacommunication isfounded in1965andafter in80s it isused in long$haul
communication systems. Today, optic fiber becomes indispensable for core and metropolitan
networkinfrastructures.In90s,bandwidthdemandofend$usersincreased.Thisbringstheideaof
















planting compared to other optical fix access network solutions.Anotherpoint of interest for






connections. The single fiber link fromOLT connected with many subscribers unit (Optical
NetworkUnit–ONU)bybeingdividedwithpassive(noenergyconsuming)splitters.Owingto




















(offline scheme). Online scheme is an easymethod to implement andhas a goodbandwidth
utilization for efficient bandwidth allocation offline scheme where can be better to give fair
allocationdecisions.
Energy consumption is one of the crucial problems for future of globe. Global energy
consumptionisincreasingday$by$daywherefossilsourcesarediminishing.Thus,inthelastdecade,
industryandacademiatendtodevelopmoreenergyeffectiveproducts.Accessnetworksconsume











efficiencymethods in access networks are based onONU enhancements.AnONUdoes not
activelyinuseallthetimeunderTDMscheme.Therefore,ONUcansleepinidleperiods.ITU$T














(FttH, FttB, FttC, FttP …). PON’s performance and energy consumption is related to the
development inopticandelectroniccomponentsused inONU,OLT,EA,andamongst them.
Besides it is highly effected by the bandwidth allocation, scheduling, buffering and processing
methodologies.Inthisdissertation,asmentionedbeforedynamicbandwidthallocationinEPON
andenergyefficientworkingtechniquesareexamined.Servicequalityisthekeypointforoperators
while choosingnovel techniques. In theviewof access solutions the keyquality issues canbe
thought as access delay and drop values. Increasing the service quality with better bandwidth
allocationschemeisoneoftheobjectiveofthisdissertation.Ontheotherhand, inlastdecade
energy$efficientdesignofelectronicdevicesgetsmoreattentionfordecreasingtheglobalenergy
consumption. While PON has a great portion in energy consumption of telecommunication






networks and necessity for optic solutions have figured out. After classification and cost of
different optical access solutions are given. Then the promising architecture (passive tree
architectureknownasPON)hasbeeninvestigated.PONhastouseamultiplemediumaccess






Dynamic bandwidth allocation algorithms are examined in chapter 3. After giving online and
offlineDBAschemesanovelDBAmethodnamedashcDBAispresented.HcDBAusespositive
characteristic of online and offline DBA schemes and tries to eliminate the drawbacks.
Performance evaluationofhcDBA is given in caseof accessdelay, byte loss andpacketdelay





Chapter 5 includes theenergy$efficiency studies aboutoptical accessnetworks. Standardization
works and other propositions in literature are summarized. The energy efficiency techniques
dividedthreesubgroupsasONUoriented,OLToriented,andEAoriented.Wherethestandards
andmostoftheinvestigationsarebasedonONUside.WeproposeanovelOLTbasedenergy






Chapter 6 includes the overall summary of the thesis and gives ideas and topics for future
directions.
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pair or coaxial approaches. It is well known that the conventional access networks based on
twisted$pair copper cable have very limited bandwidth$distance products.At data rates of 100
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

Mb/s, the transmission distance is limited to about 100m and requires the use of highly
sophisticated transmission technologies (Chrissan, 2004).  To overcome this limitation, it is
essentialtouseacarriermediumassingle$modeopticalﬁberasthetransmissionmediainfuture

































































fiber,anactive (powerconsuming)node isusedbetweencentralofficeandendpoints.By the
usageofactivenodethenumberoffiberlineandterminationpointsincentralofficearedecreased



























transmissiononPONoccurspurely inopticaldomainover the fiberandpassivesplitters.The
beam goes through the shared medium and divided to all lines by passive splitters on the
transmissionfromcentralofficetothesubscribers.End$pointdevicesconvertthebeamsignalto
electronic domain and processed. The device filters the packets,which are destined to it, and
forwardthemtothesubscriber.Inuplink,thepacketsareconvertedtobeamsignalandforwarded
tothecentralofficeunitwithoutanyinterrupt.ThedisadvantageofPONcomparedtoAONis













































2.6. This can be achieved by packet transmission synchronization inside each ONU.
Synchronization isdonebysendinggrant informationfromOLT.Thesegrant information tell
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WDMA is seem to be a promising solution in optical access networks and this kind of
implementation is called asWavelength DivisionMultiplexing PON (WDM$PON). A sample
WDM$PONisshown inFigure2.8. InWDMA,eachONUusedifferentwavelengths tosend
packets to OLT. Wavelengths are separated at the splitting points of PON systems with
multiplexers/de$multiplexers. Since each wavelength is isolated from others, different type of
traffic can be carried on WDM$PONs. Time synchronization is not necessary either. Same
wavelengthcanbeusedboth inupstreamanddownstreamsimultaneously.The isolationat the
wavelengthde$multiplexermustbecapableofnotallowingcrosstalk.Becauseofthede$multiplexer







cut unnecessary large spectrum with multiplexer inside ONU (Frigo, et al., 1998). Another
approachisusingreflectionmodulationthatreusethelightcomesfromOLTonasuitablechannel








































































known that it is inadequate and has to be developed (Ueda, et al., 2001).As a result of that,
BroadbandPON(BPON)systemsdevelopedasanimprovementtoAPON.BPONisdeveloped













struggleother serviceproviders togive favorablebandwidth.Since,EPONgainedmuchmore
interestinEastAsiaregion(Shinohara&Manabe,2006).
Meanwhile theEPON standardwas developed, FSAN/ITU (ITUworkgroup 15, SG15)were
workingonanovelPONstandard(Next$GenerationPON).FirststudieswereonATMstructure,
thenEthernetpackagingwasused.At last, physical layerpackagingwas adopted (likeGeneric
Framing Procedure in SDH/SONET). This study was standardized under G.984 standard
document and named as Gigabit$Capable PON (GPON). For transmission “Generic







downlink with 1Gbps uplink capacity working systems. They specify that asymmetric















standard development. This is expected to allow next generation products to work with less
conformityproblem(Effenberger&El$Bawab,2009).
WavelengthDivisionMultiplexingPassiveOpticalNetworks(WDM$PON)isseentobesolution
for next generation access andbackhaul networks.WDM$PONshave the advantages such as;
scalablebandwidth,accesstolong$haul,abilitytogivedifferentbandwidthcapacityondifferent











PONsystems thathave16wavelengths and1.25Gbpsup/down linkcapacity. In2007,Korea
Telecom (KT) used first BurstMode Transceiver (BMT) and inMarch 2008 second onewas
achieved. SinceApril 2008,KTuses theWDM$PONsdevelopedbyETRI to give broadband
access service. Besides, in Korea hybrid solutions such as WDM$TDM$PON and long$reach
WDM$PONareunderdevelopmentwithgovernmentsupportedprojects(Nikitin,etal.,2009).










carried on by International Telecommunication Union (Telecommunication) Study Group 15
(APON,BPON,GPON,XG$PON,NG$PON).
2.5.1 EthernetPassiveOpticalNetwork(EPON)
EPON is a classical implementation for TDM$PON. It is defined in (IEEE 802.3ah, 2004)
standardization document.While developing EPON, Ethernet in the FirstMile (EFM) group
decidedthatitisbettertouseEthernetframinginsteadofATMcells,whichisusedinAPON.













unawareofupstream trafficofotherONUs, sinceotherONUscannot listenupstream traffic.
























channel. This process generally named as bandwidth allocation and can be classified into two
groups; static anddynamic. Staticbandwidthallocation is simple and easy to implement.Each
ONUuses a fix time slot for each cycle.However static allocation is not a good solution for
bandwidthutilizationforhighlyarbitraryinternettraffic.ThebandwidthrequirementofanInternet
userattimetismorethantherequestatt1.Insuchacasestaticallocationcannotdistributethe
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
ONU registration process. REPORT and GATE messages are for medium access control.
REPORTmessageisusedtoreportthepackettailinsideONUbufferstoOLT.OLTarrangethe
bandwidthamountforeachONUbyexaminingthereportmessages.Reportmessagescancarry














bandwidth per user which cannot be provided by EPON's 1Gbps capacity. 10G$EPON can
providemuchmorebandwidth forFTTH,FTTBusers andcan fulfill the1Gbps linkcapacity
requirementfor4Gwirelessnetworkaccesspoints.10G$EPONusesmostpartsof theEPON





1280nm band.  In 10G$EPON 10Gbps capacity is used in downstream; 1Gbps and 10Gbps
capacitiesareavailableforupstreamdirection.For10Gbpscapablelinks64B/66Bblocklinecode
isusedfor1GbpsitissameasEPON6B/8B.802.3avspecificationusesasplitratioas1:16or


























































length and bandwidth allocation per ONU can be adjusted. By these adjustments, the OLT
upstreamtransmissiontotheswitchwillbelessburstyandwillallowcarrierstoovercomeblocking
elementsintheirnetworktopology.ThefeaturesofEPONand10G$EPONlistedinTable2.1.


























protection, GPON includes different types of protection scenarios that are left to the
implementers.Therearetwotypesofprotectionswitchingexists.Firstoneisautomaticswitching
triggeredbyfaultdetectionsuchaslossofsignal,lossofframe,signalderogateandsoon.Second




















successorofGPONstandard asNG$PONs.There are lotsof ideasdiscussed fornovelPON
standardization.UsingWDMtoincreasebandwidthandsplitratioisseentobethefuturesolution
butitisnotcosteffectiveforshort$termevolution.Besides,serviceproviderslookingforacost
effective mid$term solutions while giving more bandwidth, they want to use the same
infrastructure.Thus,NG$PONstudiesdividedintotwosectionsasNG$PON1andNG$PON2.
NG$PON1isamid$termupgradewhichiscompatiblewithlegacyGPONODNs.NG$PON2is




as 10Gbps for downstream and 2.5Gbps for upstream. The studies under NG$PON1 are
























upstream” or “10Gbps downstream, 2.5Gbps upstream” or “2.5Gbps downstream, 2.5Gbps
upstream”.1:256splitratiocanbesupported.NG$PON2alsodecidedtogivefulllegacysupport
for GPON, XG$PON, EPON and 10G$EPON for a full migration from the implemented
infrastructures.
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drastic impact on capacity; the transmitter/receiver switching speed andbandwidth utilization.
Generally,transmitter/receiverswitchingcapacityisfixedforanetworkdevicefromfabrication
and can be increased with new physical equipment inventions. On the other side, bandwidth
utilization is related to the underlyingmedium access algorithm and other internal or external
parameters.Theimplementedmediumaccessalgorithmhasacrucialeffectonutilization.Inshared


















sent fromONUs toOLT at the beginning or end of the upstreamwindows. The bandwidth
necessityoftheONUiscalculatedaccordingtothelocalbufferoccupancyandcurrentsending
window.Thesimplestwaytoarrangebandwidthallocationistogiveastaticwindowsizeforeach











Mouftah, 2009) and (Mcgarry, et al., 2008). For bandwidth allocation, there are some sort of
parameters that must be considered to implement a cost$effective solution and support high









years globalwarming gainsmuchmore attention.Researchers try to findbetter algorithms for





There are many dynamic bandwidth allocation methods for EPONs. The first method is









andwhileneeded, the link isnever leftemptywith thesekindofmethods.Figure3.1showsa
sampleofpacketflowgraphforonlineDBAmethod.ONUsforwardtheirpacketsinorderduring
theframeassignedtothemaccordingtotheorderedgrantinformationfromOLT.






















creates empty time periods in upstream channel. This time periods are equal to the sum of
calculationtimeandRoundTripTime(RTT)betweenOLTandONUs.(InourstudysameRTT
valuesareassumedforallONUsforsimplicity).
		 =  + 
	    (3.1)
Figure 3.2 shows the general work flow of offline DBAmethods. After OLT serves ONUs
respectively, it cannot send service information (GATE) during timeTC to process all replies.
UpstreamchannelwillbeabletouseagainafterfirstlyservedONU’sreplytoOLTisreceived.






ONUs in a cycle. Excess Bandwidth Distribution (EBD) mechanism distributes the exceed




























B      (3.3)

WhileRishowsthebandwidthdemandofONUi,thefairallocationofexcessbandwidthinacycle



















i BBB +=        (3.5)
Therearesomepreviousstudiesthataimedtousethefreetimeperiod.In(Assi,etal.,2003),an
algorithmhasbeenproposedinordertousethefreetimeperiodbyschedulingthemtolowloaded
ONUsbefore receiving the reportmessages from allONUs.By thisway, there is no need to
calculate theexcessbandwidthdistributionof low loadedONUs.TheseONUscanbedirectly









































an intermediate solution between online and offline DBA algorithms while inheriting the
advantagesofbothofthem.Also, itaimstodistributethebandwidthfairlyandmaximizesthe
bandwidthutilization.Thus,agrantsizeapproachinwhichadynamicswitchingbetweenonline





occurs during calculations of sending GATEmessages by OLT, is overcome. This proposed
algorithm is called as “Half Cycling Dynamic Bandwidth Allocation Algorithm” and the
abbreviation“hcDBA”willbeusedfromnowon.
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
calculation time andnextRTT.While a number ofONUs are granted in a half cycle, normal






















































not greater than RTT value, OLT cannot collect enough REPORT messages for half cycle
calculation.










hcDBA isperformed forN/2 nodes, algorithmmakes thedecisionsnotonlyusingK reports



















     (3.6)
The calculation of excess bandwidth is somehow different from oDBA approach. Excess
bandwidthdistributioninahalfcycleisnotperformedbyconsideringonlytheONUdemandsin
currenthalfcycle.OLTshouldtake intoaccountthebandwidthdemandofONUsinprevious
cycle to fairly distribute the excess bandwidth to all ONUs in PON system. Since all excess
bandwidth cannot be used in a half cycle,"#$%&'(value is calculatedwith regard to"()*($$."()*($$iscalculatedasthesumofexcessbandwidthofKreportedONUsandexcessbandwidth
of(O:NAK)unreportedONUsfrompreviouscycle.ExcessbandwidthforKONUsandOONUs
arecalculatedseparatelyasfollows:
"()*($$ = "+()*($$ + ",()*($$      (3.7)
"-()*($$ = ∑ /"012 − "(45+67 														8"012 > ":(4;  (3.8)

UnusedbandwidthforKONUsiscalculatedbyEquation3.8.




cycle is only done for/ ! ONUs. In a half cycle, without considering excess bandwidth
distributionforKONUs,onlydistributionfor/ !istakenintoaccount."+#$%&'(iscalculated
asfollow:





































































































































































































       (3.14)
TheprobabilityofwrongpredictionsaboutthequeuelengthinONU'sbufferisconsiderablyhigh.
Therefore,duetoinconsistenttrafficbehaviors,earlypredictionmechanismmaycalculatewrong
predictions. In thiscase, if theearlypredictionamount isequal toormorethanONU'squeue
length,nextdemandamountwillbereportedas"0".Otherwise,ONUwillsendtheamountof



















































































best$effort traffic it ismodeledwith self$similar trafficgenerators.Tocreate self$similar traffic,
PoisonParetoBurstProcess(PPBP)isused(Willinger,etal.,1997).InhcDBAdevelopment,main



















TrafficRatio 10% 10% 30% 50%
Packetsize(inBytes) 70 70 50,500,1500 50,500,1500
SourceandBurstiness CBR CBR PPBR/b=1.4 PPBP/b=1.4
BurstLength
(#ofPackets)



























In first section, comparison of hcDBA algorithm with online (IPACT) and offline (oDBA)
algorithms is given. In second section, comparison results of hcDBA algorithm with early
prediction(p$hcDBA)withhcDBAandIPACTisexamined.Weshowthecomparisonresultsof
bytelossrate,accessdelayandpacketdelayvariation(PDV).




an important criterion to see the performance change of the algorithms while the bandwidth
increases.Thisshouldhelpchoosingcorrectapproachestogetadvanceforfuturenetworkdesigns.
3.6.2.1 ComparisonofhcDBA–IPACT–oDBA





be appropriate to evaluate the performance in delay classification.End$to$end delay is directly
relatedtothetraveleddistanceofpacketsandwaitingtimeinONUsoutputqueues.Besides,in
PON,thedistanceandspeedofthelineisfixed.
Another performance parameter that has a remarkable impact on high priority traffic such as
interactiveentertainment,multi$playeronlinegames,ispacketdelayvariation(PDV).Inthesekind




packets sizes differ, packet loss rate can be deceptive.At this point, an algorithmwhich gives
priorityforsmallpacketscanbeseenbetterinperformance,howeverevaluatinganalgorithmby
the overall bearing capacity should be a better criteria. The loss of data shows an undesired
















segmentation among slots.Thusunder lowbandwidths, there is ahigherpossibilityof unused
percentageofslots.






































































































the load isvery low, theaccessdelayvaluescannotbeunderacertainvalue.TheRTT time is
responsibleforthislimitanditisequalforallalgorithms.Accessdelayofeachalgorithmislower
in10Gbpscasecomparedto1Gbpscase.In10Gbpscase,hcDBAhasavisiblesuccesswhen










































































slots in10Gbpscase is10 timesbigger than1Gbpscase.Thepossibility to find lowpriority
packetsthatarescheduledfornextcycleincreasesin10Gbpsdatarate.Thegapsintheslotsare


















































































































































































































loaded.p$hcDBA is an extension forhcDBAalgorithm. It is not a completepredictionbased









mode. It means that prediction mechanism only can be in use when the traffic load is low.
Predictionunderheavyloadednetworksmaybethoughttoperformbetter,howeverthereisalso
apossibilityoffalsepredictions.Inaheavyloadedsituation,falsepredictioncausespostponesfor






ONUs to postpone their packets for next cycle. In addition, if we have ONUs demanding







case.While the bandwidth amount is higher the slot sizes and packet queues are also bigger
according to the bandwidth. As a result, the predicted amount possible matches with extra
bandwidthdemand.Thisimprovesaccessdelayperformance.











service condition. Performance improvementmostly occurs for high priority traffic, since the
buffermechanismformulti$servicefirstlygiveavailablebandwidthforhighpriority.Thepredicted
amount is generally used by high priority traffic which has to wait for next cycle in normal







In this study, a novel dynamic bandwidth allocation algorithm forEPON,which is named as
hcDBAispresented(Turna,etal.,2010).Also,apredictionextension(p$hcDBA)forthealgorithm








stage buffer approach is used formanaging output queues.By the use ofdouble$stage buffer,
overwhelmingofhighprioritytraffictoothertrafficclassesispreventedandafairqueuescheduling
















anONUoverthemaximumwindowlimiteven if thebandwidth issuitabletosupportdesired
cycletiming.IPACTmaketheincomingpacketstowaitfornextcycle,whichresultsanextracycle
delayforthisONUandalsoforoverallsystemperformance.Infact,ifwethinkabouttheInternet













each three algorithms, there is no packet order change orONU scheduling, so no extraPDV
occurs.






















analyzed by simulation studies. In p$hcDBA, the predictionmechanism is not the core of the
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connected to themetro network,we cannot directly simulate all of them in order to obtain a
completesimulation.Indeed,forhighnumberofEPONs(i.e.60),werapidlyreachacomplexity
levelthatisimpossibletointegratedirectlyintothesimulation.So,oneofopenquestionsishow






















OLT and all data transmitted in the network are encapsulated in Ethernet frames (Zheng &
Mouftah,2005).TheupstreamflowusesTDMAshowninFigure4.1.Asmentionedbefore,since
allONUs share the same transmissionmedium,EPONsystemmust include amediumaccess
control(MAC)mechanismtoarbitrateaccesstothesharedmedium.
Bandwidth allocation scheme can be implemented either in static or in dynamicway. In static
allocation,afixed$sizetransmissionwindowisallocatedfromOLTregardlessoftheinstantaneous
ONU’srequirementcollectedbytheOLT.Ontheotherhand,inthedynamicallocation,avariable$












two consecutive data transmissions from different ONUs for purpose of the global
synchronization.
In this study,wechose theLimitedServiceApproach (LSA)of IPACT.SinceLSA is thebest
algorithm among the IPACT approach (Kramer, et al., 2002b). LSA grants the requested
transmissionbandwidth,butitislimitedbythemaximumtransmissionwindow(MTW).























majordifference is illustrated inFigure4.3.Essentially,aSRDprocess losses theburstinessof
processunderlongtime$scales;thevarianceoftheprocessdescribingclientarrivalsdecaysrapidly
whenthetimeclosestoinfinity.Aself$similarprocessexhibitssameburstinessoverallobserved




process.Thismodel relieson theassumption that thenumberofpacketarrivalshasaPoisson
distributionwithαparameter.Accordingly,themeannumberofpacketsarrivinginadurationof
T sec is αT. The Poisson distribution implies that packet inter$arrival times are exponentially
distributed with 1/α mean value. Besides being based on a valid assumption, Poisson model
includesusefulpropertieswhichmakeitanalyticallytractable.(Forexample,themultiplexingofn
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
Poissonarrivalprocesseswithparametersα1,α2...αnisaPoissonarrivalprocesswithparameterα = ∑ αDE67 ).ThePoissonmodel is considered tobe insufficient to represent today’s current







as shown inFigure 4.4(a).There aremany statistical techniques to verify if a particular arrival














on capturing theﬁrst$order and second$order statistics of arrival countswhich, in general, are
knowntobeinsufficientwhenattemptingtopredictqueuingbehavior(Elbiaze,etal.,2003).In
this paper, we consider a Markovian approach for modeling packet traffic with Long Range
Dependence(LRD)proposedin(Andersen&Nielsen,1998).Itsuggestsasuperpositionoftwo$
stateMarkoviansourcesasaveryversatiletoolformodelingvariablepackettrafficwithLRD.The
beneﬁts of using a Markov model are obvious, since a whole array of tools for calculating
performancemeasuresisalreadyavailable.Theauthorsof(Andersen&Nielsen,1998)illustrate











anMMPPwhich is a special case of theMarkovianArrival Process (MAP) (Lucantoni, 1991)
(Lucantoni,etal.,1990).
4.3 SimulationEnvironment











4.1. MMPP$2 State traffic generator is used to create access traffic which shows Self$Similar




directly to the nodewith a simple buffer to simulate the samebehavior asEPON’s upstream
channel. Two different traffic generators behavior is alternatively implemented and examined:
PoissonandMMPP$2sources;so$calledrespectivelycase1andcase2inTable4.1.Inorderto
givethesamepropertiesastheupstreamchannelbringsin,theusedbufferattheentranceoftraffic























Source CBR CBR MMPP$2 MMPP$2
LocalBufferSize
(inKB)atONU































InFigure4.5, thepacket arrival intervals aregiven for eachcaseunder0.5 load. Inother load
conditions,theresultsaresimilar,so,notallofthemarepresented.APoissontrafficgeneratoris
expectedtogiveagraphicsuchlikeFigure4.5forpacketarrivalintervals.Inoursimulations,both






Chapter4:TrafficCharacterizationonEPONUpstreamChannel   50


PacketTypes 50Byte 70Byte 500Byte 1500Byte
CorrelationValues 0.73 0.88 0.93 0.91

For comparison, we also simulate the traffic distribution behavior of MMPP and Poisson














EPON, two different traffic generators’ behavior is examined on a node$to$node architecture
wherenocollisionoccursandanyallocationalgorithmsareused.













































Energy consumption is one of the crucial problems for future of our world. In (U.S. Energy
InformationAdministration,2013),theenergyconsumptionprojectionisgivenfor2040asshown
inFigure5.1.Itisforeseenthatenergyconsumptioninworldgrowby56%from2010to2040.
Thus, in last decade industry and academia trend to develop more energy effective products.
According to the study of M.Picavet from Ghent University in 2009, the Information and

































saving.According to the surveys power saving has lesser priority compared to service quality,
availability, and interface variability. Two revealed foci in surveys are improving power
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given service can tolerate data loss. The OLT may continue or optionally discard sending
downstream traffic to sleepingONU.  In order to timelywake$up,OLTmust allocate regular
targetedrangingwindowstothesleepingONUs(ITU$T,G.Sup45,2009).





transmitter fora substantialamountof time.Transmitter remainsclosedas longas there isno















SleepMode FastSleep DeepSleep Shedding Dozing
Transmitter Alternateon$off Off On Alternateon$off















Yes Yes No No
Power
consumption
0.8$1W ≤0.7W 2.78W 1.7W






Inthiswireless technologies,multiple transmissionratesareavailabletobeused.Naturally, the
higher transmission rate brings out the higher power consumption. On the other side, lower

































author shows that by using EEE in OLT$EA links as well as selective EA sleep, energy
consumptionofEAandOLTcanbereducedtoaround%60whenthetrafficislow.
5.3 OLTOrientedSolutions
























proposed tousedynamicwavelengthrouting tosaveenergyunder lowtraffic load.EachOLT


















as fuel barrels. First scenario shows the architecturewithoutmodification,where some of the




















In(Tokuhashi,etal.,2011)usesa × or × opticalswitchbetweenOLTandpassivesplitter
toswitchdifferentPONbranchestootherOLTcardsasthemethoddescribedin5.3.3.Inthis





































A summary of amplifiers used inPON systems are; xDFA (…$doped fiber amplifier),Raman
amplifier,andSOA(semiconductoropticalamplifier)isgivenin(Trojer,etal.,2008).According















directlyconnectedbydedicatedcommunication line.Systemworks in twomodes;Normaland
EnergySaving.Thetransitionbetweenthesetwomodesisdecidedaccordingtothetrafficload
overtheOLTs.IfoneoftheOLTs(A)hasalowtrafficvolumeonbothuplinkanddownlink,it











• OLTs can be capable of controlling the switch$box and buffering the traffic of backbone
connectionwhileotherOLTisnotreadyforswitchingprocess.



















































particular lower bound in both uplink and downlink, it informs OLT#B with
ENERGY_SAVE_REQUEST fromthededicated link.IfOLT#B’s trafficvolumeisunderthe
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
predefined threshold, OLT#B responses with ENERGY_SAVE_OK message otherwise
ENERGY_SAVE_NOfromthededicatedlink.IfOLT#BresponsesOKthenOLT#Astartsthe
preparationsfordeep$sleepmode.Otherwise,OLT#Awaitsnextloadcheckintervalfornextquery.





















Energy Save Starter Timeout




& Cleared Output Queues
Send(Process_Finalize) 





































3. With PROCESS_FINALIZE message,OLT#B arranges a time interval for switching, stops
giving grants and stops downstream traffic for this interval, and turns the switch$box for
forwardingpacketstoitself.









Sleeping Node Master Node




Start Energy Conservation 
Process























To evaluate the performance of our proposed design, we compared with standard OLT
implementationwithOMNET++4.3tool.WesimulatedasimplescenariowheretwoOLTcards
connectedwithaggregationnodeandaswitch$box.Figure5.13showsthesimulationenvironment






Energy savingmode is able tobeactivatedunder low loads.When the load increases, system
switches back to normal mode. Classic traffic generation is not effective to observe the
performanceofthealgorithm,sinceitcreatesapproximatelysameloadduringoverallexecution.
Thus,trafficsourcesareconfiguredtoproducedifferentloadsinsuccessivetimeintervalstoeasily
analyze the performance of energy efficiency algorithm. The time intervals and load are
exponentiallyrandomdistributed.Foragiventime,thetrafficloadisarbitrarilychangebetween
zeroandone.Trafficgeneratorcreatesdifferentloadsinexponentiallydistributedtimeintervals.




variation intervals. In figures the average calculated offered load is given for reference. The
generatedtrafficforaverageloadequalsto0.18isgiveninFigure5.14andsamegraphicsfor0.38













































The performance of energy$efficiency algorithm has been investigated under different traffic
patternandbounds.Loadchangeinterval(θ)showshowlongthetrafficisgeneratedbasedonthe
sameload.Inoursimulationsweexaminetwodifferentθvalueas3secand10sec.θequalsto





































performance in load values between 0.30 and 0.45. Arbitrary traffic means more transitions


























related to the time spent in energy saving mode, the number of On$Off transitions and the
switching time. Thus, while θ= 3 sec, St=5 ms, and Rt= 25ms in Figure 5.20 system has the
maximumaccessdelayresults.ThenumberofOn$Offtransitionsisthecriticalparameterforthe
access delay increment.When the load is not highly variable, the energy$efficiency algorithm
performsbetter.Case2hasthelowestaccessdelayperformance.Onthecontrary,itisnotasmuch
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GE = HTPI(IKHTP)    Equation5.3








is symbolized. In regionone,arrivedpacketsarebuffered, since theOLT iswaiting forswitch
process.After,packetsinbufferareserved.Whilethebufferedpacketsareserved,itisobvious















V =	 (Y% +	Y&)WM    Equation5.5
Thetimepasstoservethepacketsstoredwhileswitching(WMX)canbecalculatedas;
WMX = (HTO>	HUO)($Z>$Z[)I      Equation5.6
WMX =	 (HTO>	HUO)$ZIK(HTO>	HUO)     Equation5.7
Let
VX showsthearrivedpacketcountduringWMX.
VX =	 (Y% +	Y&)WMX +	
V   Equation5.8

VX =	 (Y% +	Y&) (HTO>	HUO)$ZIK(HTO>	HUO)+ (Y% +	Y&)WM Equation5.9

VX =	 $Z(HTO>	HUO)IIK(HTO>	HUO) 	     Equation5.10

Ifwe consider the packet arrivals as uniformly distributed during switching process, the extra
waitingtimecausedbyswitchingcanbeformulatedasthearithmeticsumofthepacketsdelayin
tworegions.
V = \]*OR^ _Z`OR>$Zab +	*OR[ c
_Z[`OR[ >$Z[db e   Equation5.11
V = \ ^	(7>*OR)$Zb + 87>*OR[ ;$Z[b a   Equation5.12
IfwedefineVintermsofWM,arrivalratesandservicerate;
	
V = \f	8(7>(HTO>	HUO)$Z)$Z;>g7>_Z(hTOi	hUO)jjk(hTOi	hUO) l (hTOi	hUO)_Zjk(hTOi	hUO)b m Equation5.13
Here WM is the key parameter to indicate total waiting time of packets. The energy-saving algorithm’s 
performance is highly related to system parameters such as the switching duration, and router table 
update duration. Switching and route table update durations can decrease by invention of novel devices.   
Besides optical switch that responds in nanoseconds already present and in use at backbone networks 













\V = YnGE       Equation5.14
Totalbuffernecessityattheendoftheswitchingprocessis;
"oopqrrrs = truWv × (
V +	\V)  Equation5.15



















structural changes and can be performed by a service provider without changing standard
implementationofPON.Besides,ourstructurehasnolimitationsonusingONU$basedenergy
conservation approaches. Besides, this approach seems to be promising for implementation
expenditurescomparedtoWDMbasedsolutions.
Asthenegativeaspectsofourproposition, it requiresaswitch$box implementationanduseof





































technology in lastdecade.Passiveopticalaccessnetwork technologyhasshowngreatprogress.
The standards of PONs has been released from ITU$T and IEEE underEPON andGPON
branchescurrentlyreach10Gbpsup/downrates.ThesestandardsuseTDMindownstreamand
TDMAinupstreamdirections.ByTDM,aPONcanreach32or64usersupto20kmrangewith























Since, somehighly loadedONUstarvedbandwidth IPACTschedule somepackets from these












drop and packet delay variation performances. The comparisons aremade onNS2 (Network
Simulation Tool 2.34) on a 1:16 EPON simulation set. NS2 does not include EPON
implementationintheframework,thereforeatfirstEPONismodeledonNS2withOLT,ONU,









predictions are inevitable in the nature of Internet user traffic.Therefore, in our approachwe
decidedtousepredictioncasewhenthesystemisnothighlyloaded.Bydoingso,incaseoffalse














we concluded to use classical traffic generators which are suitable as traffic source forMAN
simulations.
Fossilenergyreservesofourplanetaregoingtorunoutinnearfutureandday$by$daytheglobal





conservation techniques as recommendations. In general, most of the energy conservation
researchesarebasedonONUenhancements,sincesavingenergyatONUsidehasmajorimpact
for overall energy consumption.On the other hand, energy can be saved from central office
equipmentandinsideconnections.InChapter5,EthernetAggregationnodeandOLToriented











A simple simulation environment is prepared on OMNET++4.3. Our energy$efficiency
algorithm’sperformanceiscomparedtonormalprocessingincaseofaccessdelayandbyteloss.
Energy$efficiency algorithm can save 90% of one OLT’s energy consumption if the system’s
average load isnothigh.Whenmostly25%ofusers are simultaneouslyuse Internet,withour
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Another hot topic for future access networks is the convergence of wireless and fix (optic)
networks.Bypervadeofmobiledevices,theamountofwirelesscommunicationdataisgrowing
up. PON is one of the most used fixed connection type to connect these wireless users to
backbone.Withthedevelopmentsinwirelesstechnologies(i.e.4G,LTE,WiMAX),optimization
ofwireless trafficdataflowisgettingmuchmore importance.SincePONsarean intermediate






efficiency context stays opposite to performance. While conserving energy, the system may
compromise from the performance. In such cases,more effective algorithms can improve the
energyconservationbylosingnegligibleperformance.Asafuturestudy,forourenergy$efficiency



















bande$passante imposés par l’émergence des applications de données et en terme des revenus
attractifs. L'infrastructure de télécommunication est développée de plus en plus et est arrivée
jusqu’ànosvies.Ladécouvertedel’Internetabeaucoupchangélavied’humaineetlasciencepour
le développement du pays. Aujourd’hui, les technologies de la télécommunication offrent de
différents servicesquivarientde technologies satellitaires au transfertdedonnéesvia les lignes






l’Internet a également révélé différents domaines tels que les fournisseurs de services, les







il est utilisé dans les réseaux de communication à longue distance.Aujourd'hui, la technologie
optiquedevientindispensablepourleréseaucœuretmétropolitain.Puisqueelleoffreuneénorme




service telsqueIPTV, levidéoà lademande (VoD), l’éducationà lademande (EoD), lahaute
définition TV (HDTV), la vidéo conférence, Les jeux vidéo$interactive de haute qualité, et la




pour les consommateursdegénérerdes signauxàlargebandepassantepour la transmissionen
amont(Lee,etal.,2006).Cesapplicationsgourmandesenbandepassanteprovoquentunepression
surlesfournisseursdeservicespouroffrirplusdebandepassantedanslesréseauxd'accès.
LeRéseauoptiquepassif (PON) semble être la solution laplusprometteuseparmi les réseaux
d'accès fixegrâceàsesperformanceséconomiques. LePONdonne l'occasiond’offrirplusde
bandepassanteàgrandedistanceparrapportauxsolutionsd'accèsexistantescommexDSL.En
outre,lePONestunesolutionpluséconomiqueparmilessolutionsd'accèsoptique.LePONa
besoin moins de stockage dans l’Unité centrale (CO, central Office) et de moins de fibres à
implémenterparrapportàd'autressolutionsderéseaud'accèsfixeoptique.Unautrepointd'intérêt
pourlesfournisseursdeservicesestdefournirmultiplesservicetelsquedesservicesdedonnées,







aux unités de nombreux abonnés (Optical Network$ ONU) via le répartiteur passif (pas de
consommationd'énergie)quidiffuseletraficerslesONU.Enraisondel’architecturedel'arbre
(par suite de passifs répartiteurs / coupleurs), la transmission de données en aval n’est que la
radiodiffusion.Enamont,unetechniqued'accèsmultipledoitêtreutiliséepourlepartagedelien
fibreuniquepourrelierlecentre–office(OLT).LesperformancesduPONsontliéesàlacapacité
du lien de transport et lemécanismed’allocationde bande passante à utiliser pour planifier la
transmissiondesdonnéesdechaqueONU.Aujourd'hui lanormePON  standardisée  comme




niveau l’OLT pour l'allocation (en amont / en aval) de la bande passante du canal. Pour un
algorithmespécifique,nousnepouvonspasdirequec'estlasolutionidéalepourl'utilisationetles
performancesde l’utilisationdu canal.Alorsque certains algorithmespeuvent faire unebonne
utilisationducanal,ilspeuventcauserdesdélaisetdesproblèmesd'équité.
LesNormesPONlaissentouvertlesujetdel'allocationdelabandepassante,auxconstructeurs
pour de nouveaux développements. Les normes n’indiquent rien sur la structure d’échange de





deREPORT et alloue la bande$passante à chaqueONUpour la transmission des données en
amont.QuandetcombiendetempsuneONUpeututiliserlecanalenamontsontinformésparle
messageGATE.L’OLTpeutenvoyerdesmessagesGATEdèsqu'ellereçoitunrapport(modeen
Chapter7:Résuméenfrançaisdelathèse   85






La consommation d'énergie est l'un des problèmes cruciaux pour l'avenir du monde. La
consommationmondialed'énergie augmentede jour en jouroù les sources fossilesdiminuent.
Ainsi, dans la dernière décennie  les industriels et des institutions universitaires  tentent de
développer des produits énergétiquement efficaces. Les réseaux d'accès consomment 70% de
l'énergietotaleutiliséedanslesréseauxdetélécommunication(Mukherjee,2011).Dansl'avenir,il
semblequelaconsommationd'énergiedanslesréseauxd'accèsconservesapartie.Enplusd'être
lasolution laplusprometteusepour l'avenirdesréseauxd'accès, lePONprometsunesolution
pourl’économiedel’énergieUnréseaud'accèsoptiquenesecomposepasuniquementdePON,
il a également d'autres équipements de réseau nommé comme nœud d'agrégation (agrégation
Ethernet$EA)quiconnecteplusieurscartesd’OLTàuneconnexionprincipaleduréseaucœur.
Ainsi, la consommation d'énergie dans le réseau d'accès doit être traitée en trois point de vue
différents:côtéONU,côtéOLT,côtéEA.LeCôtéONUconsommeplusd’énergieàcausedela
numérotation du nombre des ONUs par PON. En conséquence, la plupart des méthodes
développéespouréconomiserdel’énergiedanslesréseauxd'accèssontbaséessurlesaméliorations
desunitésONU.UneONUn'estpasactivetoutletempssousrégimeTDM.Parconséquent,une
ONUpeut dormir dans les périodes d’inactivité.  LaRecommandation ITU$TG.Sup45 décrit
quatre méthodes différentes d'économie d'énergie : délestage, somnoler, sommeil profond et
sommeilrapide/sommeilcycliquepourlesONUs.Pouréconomiserdel'énergieducôtédel’OLT,
certainsOLTpeuventêtremishorstensionenfonctiondelachargedetrafic.Ceprocessuspeut






















de l'énergie sont étudiées. La qualité de service est le point clé pour les opérateurs tout en






télécommunication, nous visons à proposer une contribution pour réduire la consommation






















Lechapitre5comprend les étudesd'efficacitéénergétique sur les réseauxd'accèsoptique.Des




OLT.Notreproposition consiste àutiliserdeuxOLTs.Unplandecontrôledétaillémontre le
fonctionnementdynamiquedelaconservationdel'énergie.Selonlechangementdelachargede
trafic,l'unedesOLTpeutêtremiseensommeil.Laconservationd'énergieestdirectementliéeà
despériodesde sommeilde l'OLT.L'évaluationdesperformances, afinde savoir jusqu'oùune
OLTpeutresterdanslesommeiletledélaid'accèssontabordésencomparantledélaid'accèsavec









































Dans le chapitre 4, la caractérisation du trafic de la connexion de l’OLT au réseau MAN
(MetropolitanAreaNetwork)estétudiéepar lacollectedestracesdetraficMANenamontde














% de la consommation d'énergie des réseaux de télécommunication en 2009. Pour cela, les
















propre algorithmede décision à l'efficacité énergétique. Lorsque l'un d'eux présente une faible

























Lemultiplexage de longueur d’onde (WDM,)WavelengthDivisionMultiplexing) est considéré
commelasolutionidéalepourl'avenirdePONs.L’atteintedelonguedistance,isolementdutrafic




















desréseauxsansfiletoptique; l’allocationdebandepassante, leplandecontrôle, leformatde
paquet commun, et la radio sur fibre sont quelques sujets qui sont ouverts à de nouvelles
recherches.Pourlasuite,nousavonsproposéégalementd'améliorernotrealgorithmed'allocation
dynamiquedebandepassanteencasdemeilleureconvergencesansfiletoptique.
L'efficacitéénergétiquevacontinuer àgarder son importancedans ledéveloppement futurdes
produits.Généralement lesméthodesdéveloppéespour l'efficacité énergétique restentopposée
auxcritèresdeperformances.Enconservantl'énergie,lesperformancespeuventsedégrader,dans
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